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1. INTRODUCTION

Most of the aerodynamic testing facilities supporting the
major aerospace programs were conceived and developed in the
late 1940's and early 1950's. While these facilities have been
invaluable in the past, recent experiences have revealed inade-
quacies. Failure in predicting the performance of a modern air-
craft can lead to intolerable losses of time, manpower, and
economic resources. Test facilities therefore need to minimize
this possibility by close simulation of actual flight conditions.

Among the most important similitude parameters for flight
vehicle testing are the Mach number (M) and the Reynolds number
(Re). M is defined as the flow velocity divided by the speed
of sound. A change in this parameter can completely change the
nature of the flow around a body. Re is defined as the ratio
of the characteristic inertial force to the characteristic
viscous force. It measures the relative importance of viscous
effects, taking the form of the product of a density, velocity,
and length divided by a coefficient of viscosity. The large
speeds and sizes of modern flight vehicles lead to extremely
large Re, with even larger values to be expected in the future.
It is known that high-Re flows involve subtleties that make it
difficult to correct for the effects of improper Re-simulation.

Figure 1 shows the present Re capability in this country
as a function of test M. The figure also indicates typical
operating conditions for various modern vehicles. A striking
fact is that there is now an order-of-magnitude discrepancy
between the Re available and that required. Further, this con-
dition exists over the whole M range and includes such diverse
vehicles as VSTOL aircraft, sonic and supersonic transports,
and re-entry systems. The discrepancy is caused by the ex-
treme costs involved in proper simulation: a conventional wind
tunnel capable of full simulation for a supersonic transport
would require a drive motor with over a million horsepower and
a national investment approaching one billion dollars!
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While continuous facilities may ultimately be constructed,
a likely immediate approach is the use of quasi-steady testing
devices. An example is the blow down wind tunnel; however, a
more flexible and economical approach may be provided by modi-
fications of the shock-tube devices originally developed for
re—entry research. These easily achieve the required Re and M
for short periods of time. Since their rate of data production.
will obviously be low compared with that from conventional wind
tunnels, the quasi-steady devices will compliment existing
facilities rather than replace them.

The following text discusses various quasi-steady configu-
rations, the problem of insuring sufficient test time, and the
test-flow quality that can be expected. The experimental prb—
gram at the Aerospace Research Laboratory of the University of
Washington is then briefly reviewed. While the emphasis here
is on the development of practical designs to meet the needs of
the aerospace industry, basic studies of high Re aerodynamics
are a major part of the activity.



2. TEST-FACILITY CONFIGURATIONS

In 1955, Ludwieg1 proposed the configuration shown in Fig.
2 as a means of generating high-Re flow. A pressurized tube,
the supply tube, is connected to a nozzle and test section.
The rupture of a diaphragm causes an expansion wave to propa-
gate down the tube towards the closed end, and a steady flow is
soon set up in the nozzle. Subsequent work in the United King-
dom® and in Japan® outlined the performance of Ludwieg tubes
for investigation of high-Re base flow," a group in Germany is
using heated Ludwieg tubes to study hypersonic flow,5 and the
NASA Marshall Space Flight Center is testing a Ludwieg tube
4 ft. in diameter as a pilot for a proposed full-scale
facility.6 In addition, a group at the Arnold Engineering
Development Center has designed a full-scale facility utiliz-
ing a cooled drive tube (to increase available Re), and there
are various aircraft company studies of this type of facility.

The Re capability of simple Ludwieg tubes is illustrated
in Fig. 3, where test section Re per foot is plotted vs test
section M for a device whose test-section diameter (d) equals
the supply-tube diameter (dg). The supply~tube pressure (Py)
was chosen to be 2000 psi. A comparison with Fig. 1 reveals
that such a tube can produce full-flight Re with models having
a characteristic length of slightly over one foot. However,
there is a serious problem in constructing and supporting
models to take the high pressure levels. The wing-root bending
stresses can be shown to be directly proportional to the dynam-
ic pressure of the test flow (q). Estimates are that a slender
transport wing made of high-strength steel could withstand a q
of only 10 psi when operated at a representative angle of attack.
The q produced by the simple Ludwieg tube with Py of 2000 psi
is also shown in Fig. 3. Clearly, high-Re testing of conven-
tional flight vehicles will have to be done in large facilities.

A two-stage nozzle configuration being developed at the
University of Washington for chemical kinetic studies’ may also
have useful application to Ludwieg tubes. The design is
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illustrated on Figure 4. A first-stage nozzle or orifice plate
is used to quickly expand the flow from the supply tube to
supersonic M. If the area of the test-section nozzle throat is
made larger than the first-stage throat area, a shock system
can be formed between the two throats. This drops the total
pressure of the flow, and mass continuity then requires a cor-
responding increase in the downstream throat area. Pressure
capability of the supply tube can thus be traded for increased
test-section dimensions, resulting in lower dynamic pressure
for the same Re based on d. The configuration of Figure 4 was
proposed earlier by Falk", for essentially the same reasons.

The performance of Ludwieg tubes using two-stage nozzles
is illustrated by Figure 5, where Re per unit of dg and Py is
plotted versus the device geometry. Re is based on freestream
properties in the test section and on d. The figure is for un-
heated nitrogen with M = 3. The ratio of supply-tube diameter
to first-stage throat diameter (ds/d*) is fixed for each solid
curve. Increasing the dimensionless test section diameter
(d/dg) with ds/d* fixed requires an increased pressure loss,
which in turn decreased Re in spite of the increased d. The
high Re end of each curve is where no total pressure losses
occur, so that the single line connecting these points corre-
sponds to the performance available from conventional Ludwieg
tubes. Lines of dimensionless test-section dynamic pressure
are indicated by the dashed lines. 1t is seen that staging
offers large decreases in dynamic pressure for fixed Re capa-
bility. Whereas a conventional Ludwieg tube must use large dg
and low Py to keep the dynamic pressure low, the two-stage design
uses a small dg at high Py. The new design may permit the use
of components of existing facilities. It may also have the
important advantage of simpler and less costly starting dia-
phragms.

Other test-facility configurations are being considered
in addition to the Ludwieg tube and the modified version just
discussed. Among these are the use of the gas behind the shock
wave in a conventional shock tube, and use of the reflected
shock tunnel developed for re-entry research. While the
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testing times and Reynolds numbers are somewhat reduced with
these configurations, they do provide the possibility of cor-
rect temperature simulation. It is interesting to note that
two-stage nozzles are readily adaptable to the reflected
shock-tunnel configuration, and indeed were initially developed
to be driven in this manner.



3. TIME CONSIDERATIONS

Quasi-steady facilities will be useful for high-Re studies
only if the available test time considerably exceeds the time
required to set up steady flow about the model. The maximum
available testing time for a Ludwieg tube is the time measured
from the diaphragm rupture until the head of the expansion wave
has travelled down the supply tube and reflected back again to
the test section. This time varies between 1.7-2%4/ay, depending
on the strength of the expansion wave. Here £ is the length of
the supply tube and ay is the undisturbed sound speed. Some of
the test time will be taken up with opening the diaphragm and
starting the nozzle flow. Generally, the diaphragm opening time
is comparatively unimportant, whereas a characteristics calcula-
tion has shown that approximately 5L/ay is needed to extract the
starting shock from a M = 3 nozzle with a downstream diaphragm.
The nozzle length L must be at least equal to 3-4 exit diameters
for uniform flow. Thus, at least 10d of supply tube is necessary
merely to start the nozzle flow. Hypersonic shock-tunnel studies
have shown that nozzles start faster with upstream diaphragms;
however, large losses are possible for transonic nozzles with
either diaphragm location.

A more serious loss in available time would be expected for
the two-stage design. This may also be analyzed by the method
of characteristics, but useful information can be obtained
through simple mass-flow considerations. It is found that the
time taken to reach 907% of final mean pressure between the
stages is equal to 4V/ayA,*, where A,* is the area of the sec-
ond throat and V is the between-stage volume. Shorter starting
times are predicted if V is initially filled to some intermediate
pressure, but now strong starting waves would be expected to re-
flect between the two throats so that the simple analysis may be
less useful. The calculation does show the importance of keeping
the interstage volume small, and it points to the need to estab-
lish how the use of very very small volumes will affect the
quality of test flow. Present estimates are that a two-stage
design with appreciable d enhancement could take 3-4 times as
long to start as the M = 3 nozzle with the downstream diaphragm
and the same exit dimensions. While not a serious limitation in

11
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itself, this loss must be kept in mind when considering the use
of the two-stage design.

In addition to the facility start time, it is necessary to
know the time required to establish steady flow about the model.
The flow—establishment time for a simple flat plate is reason-
ably well understood. At zero angle of attack, the inviscid ex-
ternal flow field is established as soon as the plate is fully
immersed in the test flow. For a lifting flatplate, time is
required to convect the starting vortices sufficiently far down-
stream that they contribute a negligible influence on the model.
While zero influence would require an infinite time, incompress-
ible calculations® suggest that only 10-100 body lengths are
required for all practical purposes. Compressible flow require-
ments should be even less due to the decreased upstream influence
of the starting vortices. Early work on the impulsive motion of
a flat plate indicates that only 2-3 body lengths are necessary
to establish a steady boundary-layer.? Our approximate calcula-
tions for flat-plate flow are in agreement with these results.
Recent measurements using heat-transfer gages in a shock tube
also indicate that three body lengths are required, even when
the boundary layers are undergoing transition to turbulence. !’
The available calculations need to be refined and checked by
more sensitive experiments; however, it seems unlikely that
very long flow lengths are needed to establish steady flow about
simple flat plates as long as the boundary-layers remain attached.

More complicated models present a somewhat different story.
A recent experimental study of the oscillating forces om spheres!!?
shows that more than half of the energy in the fluctuating 1lift
is associated with frequencies whose characteristic length is
greater than 100 diameters. Indeed, the maximum spectral density
of the fluctuating lift corresponded to wavelengths exceeding
1000 sphere diameters, with 107 of the energy tied up in longer
wavelengths. The long wavelength forces arise through a complex
coupling with the large-scale eddies in the wake. Re-sensitive
flows may involve such long wavelengths, and thus may require
long flow lengths to fully establish. This is certainly true
for the type of shock boundary-layer interaction that has been
identified as a cause of engine failure on some new aircraft de-
signs. Here many frequencies are involved, including the



resonant aerodynamic frequencies of the inlet duct itself. There
is now some evidence that "organ-pipe" frequencies exist in much
simpler separated flows.

A Ludwieg tube with a supply tube 100d long will provide a
test flow of approximately 400d at M = 3. The test—-flow length
drops almost directly with M as M is lowered. The seriousness of
the problem of test-length limitations depends on the nature of
the model-flow starting process and the degree of precision re-
quired of the measurements.

13
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4. FLOW QUALITY

High—quality test flows are required in order to study Re-
sensitive phenomena. For example, investigations of flows in-
volving boundary-layer transition will not represent atmospheric
flight conditions unless the test flow has low vorticity and
turbulence levels. At high M it may even be necessary to con-
sider noise from the turbulent boundary layers on the wind-tunnel
walls. Quasi-steady facilities should provide high-quality flows
if care is taken with possible sources of flow vorticity, such as
the first stage in the two-stage configuration.

A convenient way to construct the first-stage nozzle is to
use a plate with many small orifices, such as indicated in Fig.
4. The underexpanded free jets issuing from the individual ori-
fices will each have an encompassing barrel shock wave terminated
by a normal shock (the Mach disc). By comparing the mass flow
through the Mach disc with that at the throat, it is found that
over 90% of the flow is through the variable-strength barrel
shock. Although the mean strength of this shock system must be
given by the one-dimensional relations, the detailed flow is
far from one dimensional. Large entropy gradients are expected
that could seriously affect the quality of the flow in the test
region. By reducing the orifice diameter as far as strength
and viscous loss considerations will allow, the scale of the
vorticity will be reduced and the available dimensionless decay
length increased. Additional smoothing may be provided through
the use of fine screens. Should the orifice or screen grid
still produce unacceptable flow quality at the test section, an
array of contoured nozzles or perhaps even a single contoured
nozzle may have to be used as a first-stage. In the latter case,
the throttling shock wave will interact with the turbulent
boundary layer to produce a Mach reflection that extends out in-
to the flow. This source of nonuniformity can be removed with
boundary-layer bleeding.

The pressure and temperature feeding a Ludwieg tube nozzle
are constant in the absence of viscous effects. Becker'? has



studied the supply-tube boundary layer and found that it causes
relatively small variations in total pressure (2%) if the tube
is no more than 100 diameters long. However, the boundary-
layers are turbulent, and the actual velocity thickness can be
such that opposing boundary-layers touch. Such conditions
could cause serious temporal and spatial variations in the
nozzle test flow, particularly if the supply-tube M is high.

It was shown that the two-stage design allows the use of reduced
diameter supply tubes to drive a nozzle with a fixed diameter.
For the same test time, the supply tube for this configuration
will therefore be many diameters longer than that for a stand-
ard Ludwieg tube. This will increase the importance of the
viscous effects, ultimately causing the supply-tube flow to as-
sume some of the features of a developed pipe flow.

Analysis of the supply-tube flow starts with a consideration
of the turbulent wall-boundary layer driven by an expansion wave.
Simplifying assumptions are needed in order to make the problem
tractable. The principal assumption in Becker's analysis is
that the density is constant across the boundary layer, while
Mirels'® assumes that the expansion wave has zero thickness.

The results of these two analyses are presented in Fig. 6.

Here § is the boundary-layer thickness at the diaphragm end of
the supply tube when the expansion wave has reached the closed
end. It is plotted in terms of Py and & vs M for nitrogen at
300°K. The assumptions used in developing the models are more
nearly correct at low M, and this is reflected in the relative
agreement between the two calculations near M = 0. At higher
values of M the disagreement becomes greater, as does the un-
certainty that either model is correct. The boundary-layer be-
comes more complex as the expansion wave reflects off the closed
end. Further complication is to be expected for large aspect-
ratio tubes, for which boundary-layer analysis ultimately breaks
down.

The viscous-induced nonuniformities in shock tubes and
shock tunnels are similar to those that occur in Ludwieg tubes.
The non-steady boundary layer behind a travelling shock wave is
reasonably well understood, and the effect on flow properties
can be estimated; however, reflected shock tunnels involve com-
plicated reflected-shock boundary layers that can introduce
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nonuniformities similar in magnitude to those expected in a
Ludwieg tube. Fortunately, the shock Mach numbers proposed
for the present application are low enough that the phenomena
of reflected shock bifurcation will not occur; thus a major
source of nonuniformity in reservoir flow is removed.
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5. DISCUSSION

The previous sections have dealt with the design and ex-~
pected performance of quasi-steady facilities. A small research
tube has been put together at the University of Washington in
order to look further into the general applicability of quasi-
steady facilities for the study of high Re flows. A M = 3 noz-
zle is used which is fed by a 20-foot supply tube equipped with
various orifice plates. The nozzle test section is 3 x 4 inches
in cross section. The test flow dumps into 20 feet of rectangu-
lar tubing.

Measurements have been made of the pressure history in the
supply tube. These are being used to check an analytical model
developed to explain the pressure drop for various operating
conditions. Actual measurements of the non-steady expansion
wave boundary-layer will be undertaken only if unforeseen diffi-
culties are experienced in understanding the supply tube nonuni-
formities. Preliminary shadowgraphs have shown the flow starting
details. The starting times for two-stage nozzles are in rough
agreement with the predictiomns.

Considerable work remains to be done before the questions
raised in the body of this report are satisfactorily answered.
More sensitive measurements will be needed, such as may be pro-
vided by hot wire, interferometer, or laser scattering techniques.
Once the flow starting times and flow quality have been carefully
established, the experiments will be directed to determining the
starting time for the flow about models expected to show Re-
sensitivity. Studies of high-Re aerodynamics will then be
undertaken, ultimately using the University of Washington 7-inch
high pressure shock tube to extend the range of Re available.
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